Objectives Management of abdominal aortic aneurysms (AAAs) is based on diameter. CT angiography (CTA) is commonly used, but requires radiation and iodinated contrast. Non-contrast MRI is an appealing alternative that may allow better characterization of intraluminal thrombus (ILT). This study aims to 1) validate non-contrast MRI for measuring AAA diameter, and 2) to assess ILT with CTA and MRI. Method 28 patients with AAAs (diameter 50.7 ± 12.3 mm) underwent CTA and non-contrast MRI. MRI was acquired at 3 T using 1) a conventional 3D gradient echo (GRE) sequence and 2) a 3D T 1 -weighted black blood fast-spin-echo sequence. Two radiologists independently measured the AAA diameter. The ratio of signal of ILT and adjacent psoas muscle (ILT r = signal ILT /signal Muscle ) was quantified. Results Strong agreement between CTA and non-contrast MRI was shown for AAA diameter (intra-class coefficient > 0.99). Both approaches had excellent inter-observer reproducibility (ICC > 0.99). ILT appeared homogenous on CTA, whereas MRI revealed compositional variations.
Introduction
In individuals > 65 years of age, abdominal aortic aneurysms (AAAs) have a prevalence of roughly 5 % in men and 1 % in women, and result in up to 14,000 deaths per year in the United States [1, 2] . Rupture risk increases with aneurysm size [3] . The threshold for intervention is a diameter of 5.5 cm, or if rapid growth is seen (>1 cm/year) [3] . Consequently, management of small AAAs (3-5.5 cm) requires regular imaging surveillance of the vessel diameter. The majority of patients with AAAs are followed with surveillance programs [3] .
Ultrasound (US) is the most common surveillance modality for small AAAs because it is cheap, non-invasive and widely available. It is limited, however, by significant inter-operator variability [4] . Computed tomography angiography (CTA) is the gold standard for AAA imaging due to its high resolution and excellent image quality, but requires ionizing radiation and iodinated contrast, which may carry risk in prolonged surveillance and in the setting of chronic renal insufficiency. Noncontrast MRI is a promising alternative as it does not require radiation or iodinated contrast, and has excellent soft tissue contrast that allows characterization of the aortic wall and intra-luminal thrombus (ILT) [5] . ILT is a common feature in AAAs and has been studied as a potential marker of progressive AAA disease [5] [6] [7] [8] [9] [10] . Thick ILT can induce localized hypoxia and inflammation, and weaken the arterial wall [11, 12] , and biochemical mechanisms of permanent thrombolysis of ILT can also induce AAA progression [13, 14] . A recent study used gradient echo (GRE) MRI to identify fresh ILT (hyperintense signal), and showed AAAs with fresh ILT grow two times faster compared to those without [5] . As the composition of ILT is poorly visualized on CT, MRI could provide unique insight by better characterizing ILT. Most publications that describe the use of MRI for AAA evaluation have limited coverage and coarse through-plane resolution (4-5 mm) [5, 15, 16] We recently developed a 3D black blood non-contrast MRI technique that allows high-resolution (1.3 mm) isotropic imaging of the lumen and wall with evaluation of ILT composition within a clinically acceptable time (7 minutes) [17] This study aims to 1) validate the accuracy of 3D black blood MRI for quantifying AAA diameter, using CTA as a reference standard, and 2) to evaluate the ability of black blood MRI to characterize ILT composition using a GRE sequence as a reference, and preliminarily investigate ILT composition in patients with large (≥5.5 cm) versus small (<5.5 cm) AAAs.
Materials and methods

Study population
From August 2014 to November 2015, patients with AAA disease (>3 cm in diameter as identified on either ultrasound or CT) were recruited at two centres, one in the United States, the other in China. Patients were included in the analysis if they underwent both MRI and CTA examination within 3 months. Patient studies were conducted following human subjects' approval of the IRB of the University of California San Francisco or the Ethics Committee of Changhai Hospital. All subjects gave informed written consent for study participation.
Magnetic resonance imaging
All MRI examinations were performed on 3 T whole-body systems (MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany) using a 32-channel body coil and a spine array coil. A 3D T 1 weighted black blood sequence (fast-spin-echo with variable refocusing flip angle train, SPACE) with blood suppression preparation (DANTE) [18] as developed by our group was acquired in the coronal plane covering the abdominal aorta from the renal arteries to the aortic bifurcation [17] . Acquisition parameters were as follows: TR/TE = 800 ms/20 ms; 32 × 32-cm 2 field of view (FOV); 52 coronal slices; echo train length 60; resolution was 1.3 mm isotropic with a scan time of 7 minutes (during free breathing). As a reference, a clinical 3D T 1 weighted fast gradient-echo (GRE) sequence (volumetric interpolated breath-hold examination, VIBE) was also acquired with the following parameters: 80 coronal slices with 2.6-mm slice thickness (interpolated to 1.3 mm by k-space zero filling); 24 × 40-cm 2 FOV and 1.3-mm in-plane resolution; TR/TE = 2.5 ms/1.2 ms; flip angle 9°; scan time 17 seconds (one breath-hold). Reconstructed resolution was identical to that of the black blood sequence (1.3 mm isotropic) with two-fold interpolation in the slice direction.
CT angiography
CTA images were acquired on clinical 128-to 320-slice CT scanners: GE Discovery CT750 HD (GE Healthcare, Cleveland, OH, USA), Toshiba Aquilion One (Toshiba Healthcare, Otawara, Japan) or Philips Brilliance 16P (Philips Medical Systems, Best, The Netherlands). All images were acquired with standard clinical protocols with 1.0-to 2.5-mm axial slice thickness (0.8-to 2.5-mm gap) and inplane resolution of 0.7-1.0 mm.
AAA diameter measurement
Two radiologists independently measured the maximal diameter of the AAAs using a multi-planar reconstruction (MPR) method on both the black blood MRI images and the CTA images. Before measurement, the MRI and CTA images were anonymized into numbers and were randomly sorted. Both reviewers were blinded to the patient information. MPR was used to generate slices perpendicular to the central line of the aorta, and the readers made measurements on several of these transverse images to determine the maximal aneurysm diameter (from outer wall to outer wall).
ILT characterization using MRI
ILT and psoas muscle signal intensities were quantified at the location of the maximal AAA diameter on both black blood and GRE images. ILT signal ratio (ILT r ) was calculated as signal ILT /signal muscle . Figure 1 shows how the signal intensities of ILT and psoas muscle were measured. ILT was characterized as fresh (hyper-intense, ILT r > 1.2) or old (iso-intense, ILT r < 1.2) as reported in the literature [5] . The detection of fresh ILT and quantitative ILT r measurements were compared between black blood and GRE methods. 
Statistics
Normality assumptions were formally assessed using the Shapiro-Wilk's test. Distributions were summarized using the median [inter-quartile range (IQR)] or the mean ± standard deviation (SD). Differences between the diameter measurements using black blood MRI and CTA and between the two observers were assessed using the Bland-Altman analysis [19] . The mean of the pair wise differences was reported as bias and the 95 % limits of agreement (LOA = bias ± 1.96 × SD). The intra-class correlation coefficient (ICC) was used to quantify the agreement. Measurement error was quantified by coefficient of variance (CV; CV = SD between measurements/mean × 100 %). Cohen's kappa (k) was used to determine the agreement of fresh ILT detection using black blood and GRE sequences. Pearson's r was used to evaluate the ILTr quantification using different MRI methods. Fisher's exact test was used to evaluate the ILT character differences between patient groups. A p value of less than 0.05 was considered significant. All p values were two-sided. GraphPad Prism 5 (GraphPad Software Inc., CA, USA) and R Statistics (version 3.1.3, www.r-project.org) were used for data analysis.
Results
28 AAA patients (24 male, age 71.8 ± 7.6) who underwent MRI and CTA within 3 months (average interval of 11 days) were selected in the analysis from the Veteran Affairs Medical Center in San Francisco, USA (n = 8) and Changhai Hospital of Shanghai, China (n = 20). The interval between MRI and CTA ranged 0 to 77 days, with intervals greater than one month in only 3 patients scans (44, 49 and 77 days). As the majority of our study cohort were asymptomatic patients with small AAAs who had low progression rates [20] , we assumed that there would not be significant change of diameter/ILT over this relatively short interval. Patient demographics are summarized in Table 1 .
AAA diameter measurement
Diameter measurements using black blood MRI and CTA are summarized in Table 2 , and the Bland-Altman plots are shown in Fig. 2 . There was excellent agreement between MRI and CTA with ICCs > 0.99 and CVs < 2.8 %. Both modalities had excellent inter-observer reproducibility with ICCs > 0.99 and CVs < 2.5 %. 
ILT characterization
26/28 patients were found to have ILT (Figs. 3, 4 and 5) . ILT attenuation was homogeneous at CTA in all cases, precluding further characterization. Excluding the 2 patients without ILT, and 6 patients who were not scanned with GRE imaging, there were 20 pairs of black blood and GRE datasets available for comparison. Both black blood and GRE MRI allowed differentiation of fresh from old ILT. There was excellent agreement (90 %, 18/20) between the two MRI methods for fresh ILT detection (k = 0.69). Only two patients showed disagreements: two AAAs with isointense signals (old ILT) on black blood images appeared brighter on GRE images (fresh ILT). There was moderate agreement between the ILTr quantification (r = 0.31). ILT characteristics are summarized in Table 3 .
In our preliminary investigation of ILT types in patients with AAAs ≥ 5.5 versus < 5.5 cm, we found a range of ILT distributions (Table 3) ; due to the limited number of patients in each category, the statistical significances of these findings were borderline at best. All AAAs ≥ 5.5 cm contained > 50 % ILT (8/8), whereas only half of AAAs < 5.5 cm contained > 50 % ILT (10/20; p = 0.03).
Discussion
Non-contrast MRI was accurate and reproducible for AAA dimension measurements, using CTA as a reference standard. A high-resolution 3D black blood MRI sequence was shown to be reliable for ILT characterization compared to an established GRE method. The advantage of MRI over CTA is that 1) it does not require radiation or contrast administration and 2) it can differentiate between different intraluminal thrombus (ILT) components, which may be useful for improved risk stratification of patients [5] .
AAA diameter is currently the primary metric used for clinical management decisions. Patients with small AAAs (<5.5 cm) are routinely monitored with ultrasound or CTA. Ultrasound can be problematic because of large measurement variations (up to 5-10 mm) and operator dependence [4] . CTA requires ionizing radiation and iodinated contrast. MRI is an attractive alternative for serial AAA monitoring because it provides the same cross-sectional analysis as CTA without requiring radiation or the use of contrast agents. Noncontrast MRI is especially useful in patients with poor renal function who may not tolerate iodinated or gadolinium-based contrast agents [21] . Studies have shown good agreement between non-contrast MRI and CTA for AAA diameters, but have used relatively coarse, 2D gradient-recalled echo (GRE) sequences [22] . Although the use of diameter for the management of AAA is established and straightforward to use clinically, it has some limitations. A large fraction of AAAs ≥ 5.5 cm never rupture, while some AAAs < 5.5 cm do rupture [23] . Considerable research effort has been devoted to finding markers of progressive AAA disease other than diameter, including ILT area/volume [7, 24] , ILT distribution and coverage over the Red asterisks show the aorta lumen wall [8, 10] , ILT age [5] , vascular inflammation [15, 25] , biochemical mechanisms of permanent thrombolysis of ILT [13, 14] and mechanical stress within the AAA wall [9, 26] .
A recent study used a 3D T1-weighted GRE MRI sequence to identify fresh ILT (hyper-intense signal) with histological validation, and found AAAs with fresh ILT grew two times as fast as AAAs without fresh ILT [5] .
Whereas ILT appeared homogenous in all cases on CTA, MRI revealed a more complex architecture. High-resolution black blood and conventional GRE MRI of ILT composition was evaluated in this study. Fresh ILT was found to be focal in some cases, and diffuse in others; in some patients it was peripheral, juxta-luminal or at the thrombus centre (Figs. 3-5 ). How these features may correlate with the progression of AAA disease is unknown. We found the ILT composition types had a variety of distributions in small and large aneurysms (Table 3) . Similarly, we found increased coverage of the AAA wall by ILT (>50 %) in aneurysms ≥ 5.5 cm. Increased wall coverage may correlate with faster AAA growth [8] , possibly because of hypoxia of the underlying AAA wall [11] . Previous preliminary studies suggest that ILT characterization may be useful for risk stratification [5] . The unique ILT structures revealed in this study need to be tested in longitudinal studies to determine any relationship with disease progression.
Non-contrast CT may better characterize ILT than CTA, which was used in this study. Specifically, hyperdense thrombus best seen with non-contrast CT is associated with AAA rupture [27] , but the cohort we studied were asymptomatic patients undergoing routine surveillance, so we assumed this finding would be very uncommon. As we have demonstrated, MRI clearly reveals more about thrombus architecture than CT.
The black blood MRI sequence used here has four times the resolution of conventional GRE (1.3 mm isotropic versus 1.5 × 1.1 × 5 mm 3 ) [5] and twice the resolution of the 3D GRE sequence used in this study (1.3 × 1.3 × 2.6 mm 3 ). Black blood MRI had excellent contrast between the ILT and lumen, while the lumen boundaries in GRE images were often not clear when old ILT (iso-intense signal) was present near the lumen (Fig. 5) . Compared with the GRE sequence, our T 1 -weighted black blood sequence had sufficient T 1 contrast to characterize the fresh ILT (Fig. 3) . However, only a moderate correlation was found between the ILT ratio measurements. Possible explanations for this lack of strong correlation include 1) the long echo train (>100 ms) of our fast spin echo (FSE)-based black blood sequence may induce some T 2 contrast [28] , and 2) the partial volume effect of the GRE sequence may alter signal intensities. ILT, as a consequence, may have relatively reduced signal intensity on FSE images [29, 30] . The disadvantage of our black blood MRI sequence compared with GRE is the longer scan time (~7 minutes); however, it did not affect current study, as all patients finished the scans successfully. Technical development with advanced acceleration techniques such as parallel imaging and compressed sensing should be investigated and validated in future studies. They have the potential to reduce scan time and improve patient comfort, while maintaining good image quality. Mechanical stress simulation of AAAs may be improved by the analysis of ILT architecture provided by MRI. Wall stress within the AAA has been studied as a potential marker of AAA growth or rupture [9, 26] . Previous studies have used geometry reconstructed from CTA images, and assigned uniform material properties to ILT, which is likely incorrect. Results from ex vivo material testing of AAA specimens showed that material properties of ILTs differ depending on their composition [31, 32] . A previous study on carotid atherosclerotic plaque showed the age of intraplaque haemorrhage can influence the structural stress within a plaque by 30 % [33] . These findings strongly suggest that the use of spatially resolved ILT material properties in computational mechanics simulations may improve the accuracy of AAA wall stress estimates.
Our study has several limitations. First, although the sample size is sufficient for diameter quantification given the small measurement errors of both CTA and MRI, the number of patients studied for ILT type classification is small. Our preliminary observations regarding the ILT types need to be validated in larger studies. Second, no histologic validation was possible in our current population, as all patients with AAAs ≥ 5.5 cm underwent endovascular therapy. Nevertheless, GRE sequences have been validated by histology in prior work [5] , and our black blood method showed good agreement with the GRE method. Third, we do not report outcomes data. Longitudinal studies should be undertaken to determine the relationship between ILT composition and progressive AAA disease, and how ILT features may change over time.
In conclusion, non-contrast black blood MRI provides accurate and reproducible AAA diameter measurements as validated by CTA. It also provides unique information about ILT composition, which may be linked with disease progression.
